We have succeeded in constructing a stable full-length cDNA clone of strain H77 (genotype 1a) of hepatitis C virus (HCV). We devised a cassette vector with fixed 5 and 3 termini and constructed multiple full-length cDNA clones of H77 in a single step by cloning of the entire ORF, which was amplified by long reverse transcriptase-PCR, directly into this vector. The infectivity of two complete full-length cDNA clones was tested by the direct intrahepatic injection of a chimpanzee with RNA transcripts. However, we found no evidence for HCV replication. Sequence analysis of these and 16 additional full-length clones revealed that seven clones were defective for polyprotein synthesis, and the remaining nine clones had 6-28 amino acid mutations in the predicted polyprotein compared with the consensus sequence of H77. Next, we constructed a consensus chimera from four of the full-length cDNA clones with just two ligation steps. Injection of RNA transcripts from this consensus clone into the liver of a chimpanzee resulted in viral replication. The sequence of the virus recovered from the chimpanzee was identical to that of the injected RNA transcripts. This stable infectious molecular clone should be an important tool for developing a better understanding of the molecular biology and pathogenesis of HCV.
Hepatitis C virus (HCV) is the most important cause of transfusion-associated and community-acquired non-A, non-B hepatitis (1, 2) . The infection is characterized by a high rate of chronicity (Ͼ80%) (1) , and it is estimated that about 4 million people in the United States and more than 100 million people worldwide are chronically infected with HCV (2) . These individuals have a high risk of developing chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (1) . Thus, HCV is a major cause of morbidity and mortality worldwide, and there is an urgent need for prevention of infection and for effective treatment. However, there currently is no vaccine for HCV, and therapy with interferon, which is the only antiviral drug with proven efficacy for treatment of chronic hepatitis C, is effective in only 20-30% of patients (3) .
HCV has been tentatively classified in a separate genus (Hepacivirus) of the Flaviviridae family. Like members of the genera of Flavivirus and Pestivirus, HCV has a positive-sense singlestranded RNA genome that is about 9.5 kb in length (4) . It consists of a highly conserved 5Ј untranslated region (UTR) of approximately 340 nt, a single long ORF of approximately 9,000 nt, and a unique 3Ј UTR of 200-300 nt. The 3Ј UTR contains three distinct regions consisting of a short variable sequence (variable region) adjoining a poly U-UC region of variable length followed by a highly conserved terminal sequence (conserved region) of approximately 100 nt (5) (6) (7) (8) . The ORF of HCV encodes a large polyprotein precursor that is cotranslationally and posttranslationally cleaved into several structural and nonstructural proteins (9) .
The genome of HCV is highly heterogeneous, and many genetic groups have been described (10) . The most divergent HCV isolates differ from each other by more than 30% over the entire genome. Moreover, HCV circulates as a quasispecies of closely related genomes in a single infected individual.
At present the chimpanzee represents the only animal model for HCV infection (11, 12) . However, the availability of this animal model is very limited. Furthermore, HCV replication is not efficient in cultured cells in vitro (13) . The difficulties in propagating HCV have hindered basic research and the development of antiviral therapies and vaccines.
The genome of positive-strand RNA viruses functions as mRNA from which all viral proteins necessary for virus propagation are translated. Thus, genomic RNA, as well as RNA transcripts from full-length cDNA clones, should be infectious. In the Flaviviridae family, infectious transcripts of full-length cDNAs have been described for flaviviruses (14) (15) (16) (17) (18) and pestiviruses (19) (20) (21) (22) (23) . An infectious molecular clone of HCV would be an important tool for better understanding of its molecular biology and pathogenesis. Given the extensive genotype diversity of HCV, it also may be important to have infectious clones representative of more than one genotype or variant. Therefore, it is important to devise a strategy for efficiently constructing such clones. Recently, by using the long reverse transcriptase-PCR (RT-PCR) method we succeeded in the synthesis of 7.5-kb DNA amplicons of hepatitis A virus from which infectious RNA was transcribed (24) . We furthermore demonstrated that it was possible to amplify the near full-length HCV genome in a single round of long RT-PCR (25) . In the present study, we used this methodology to perform a detailed sequence analysis of the H77 strain of HCV. The sequence data were used to construct a cassette vector into which products from long RT-PCR were efficiently inserted to provide full-length genomic cDNA clones that were tested for their ability to yield infectious RNA transcripts.
RNA Purification. Total RNA from 10 l of H77 plasma was extracted with the TRIzol system (GIBCO͞BRL). The RNA pellet was resuspended in 100 l of 10 mM DTT with 5% (vol͞vol) RNasin (20-40 units͞l) (Promega), and 10-l aliquots were stored at Ϫ80°C. In subsequent experiments RT-PCR was performed on RNA equivalent to 1 l of H77 plasma, which contained an estimated 10 5 genome equivalents (GE) of HCV (29) .
Primers. Primers were deduced from the genomic sequences of strain H77 previously published (see above) or determined in this study (Table 1) . Primers for long RT-PCR were size-purified.
cDNA Synthesis. The RNA was denatured at 65°C for 2 min, and cDNA synthesis was performed in a 20-l reaction volume with Superscript II reverse transcriptase (GIBCO͞BRL) at 42°C for 1 hr using specific antisense primers as described previously (24) . The cDNA mixture was treated with RNase H and RNase T1 (GIBCO͞BRL) for 20 min at 37°C.
Amplification and Cloning of the 3 UTR. The 3Ј UTR of strain H77 was amplified by PCR in two different assays. In both of these nested PCR reactions the first round of PCR was performed in a total volume of 50 l in 1ϫ buffer, 250 M each each deoxynucleoside triphosphate (Pharmacia), 20 pmol each external sense and antisense primers, 1 l of the Advantage KlenTaq polymerase mix (CLONTECH), and 2 l of the final cDNA reaction mixture. In the second round of PCR, 5 l of the first-round PCR mixture was added to 45 l of PCR mixture prepared as described above. Each round of PCR (35 cycles), which was performed in a DNA thermal cycler 480 (Perkin-Elmer), consisted of denaturation at 94°C for 1 min (in first cycle 1 min 30 sec), annealing at 60°C for 1 min, and elongation at 68°C for 2 min. In one experiment a region from NS5B to the conserved region of the 3Ј UTR was amplified with the external primers H9261F and H3ЈX58R, and the internal primers H9282F and H3ЈX45R (Table 1) . In another experiment, a region from the variable region to the very end of the 3Ј UTR was amplified with the external primers H9375F and H3ЈX-35R, and the internal primers H9386F and H3ЈX-38R (Table 1 , Fig. 1 ). Amplified products were purified with QIAquick PCR purification kit (Qiagen), digested with HindIII and XbaI (Promega), purified by either gel electrophoresis or phenol͞chloroform extraction, and then cloned into the multiple cloning site of pGEM-9zf(Ϫ) (Promega) or pUC19 (Pharmacia). Cloning of cDNA into the vector was performed with T4 DNA ligase (Promega) by standard procedures.
Amplification of Near Full-Length H77 Genomes by Long PCR. The reactions were performed in a total volume of 50 l in 1ϫ buffer, 250 M each deoxynucleoside triphosphate, 10 pmol of sense and antisense primers each, 1 l of the Advantage KlenTaq polymerase mix, and 2 l of the cDNA reaction mixture (24, 25) . A single PCR round of 35 cycles was performed in a Robocycler thermal cycler (Stratagene) and consisted of denaturation at 99°C for 35 sec, annealing at 67°C for 30 sec, and elongation at 68°C for 10 min during the first five cycles, 11 min during the next 10 cycles, 12 min during the following 10 cycles, and 13 min during the last 10 cycles. To amplify the complete ORF of HCV by long RT-PCR we used the sense primers H1 or A1 deduced from the 5Ј UTR and the antisense primer H9417R deduced from the variable region of the 3Ј UTR (Table 1 , Fig. 1) .
Construction of Full-Length H77 cDNA Clones. The long PCR products amplified with H1 and H9417R primers were cloned directly into pGEM-9zf(Ϫ) after digestion with NotI and XbaI (Promega) (Fig. 1) . We obtained only two clones with inserts of the expected size, pH21 I and pH50 I . Next, the chosen 3Ј UTR was cloned into both pH21 I and pH50 I after digestion with AflII and XbaI (New England Biolabs). DH5␣ competent cells (GIBCO͞BRL) were transformed and selected with Luria-Bertani agar plates containing 100 g͞ml ampicillin (Sigma). Then the selected colonies were cultured in LuriaBertani liquid containing ampicillin at 30°C for 18Ϸ20 hr (transformants containing full-length or near full-length cDNA of H77 produced a very low yield of plasmid when cultured at 37°C or for more than 24 hr). After small-scale preparation (Wizard Plus Minipreps DNA Purification Systems, Promega) each plasmid was retransformed to select a single clone, and large-scale preparation of plasmid DNA was performed with a Qiagen plasmid Maxi kit.
Cloning of Long RT-PCR Products into a Cassette Vector. To improve the efficiency of cloning, we constructed a vector with consensus 5Ј and 3Ј termini of HCV strain H77 (Fig. 1 ). This cassette vector (pCV) was obtained by cutting out the BamHI fragment (nucleotides 1,358-7,530 of the H77 genome) from pH50, followed by religation. Next, the long PCR products of H77 amplified with H1 and H9417R or A1 and H9417R primers were purified (Geneclean spin kit; BIO 101) and cloned into pCV after digestion with AgeI and AflII (New England Biolabs) or with PinAI (isoschizomer of AgeI) and BfrI (isoschizomer of AflII) (Boehringer Mannheim). Largescale preparations of the plasmids containing full-length cDNA of H77 were performed as described above.
Construction of H77 Consensus Chimeric cDNA Clone. To construct a full-length cDNA clone of H77 with an ORF encoding the consensus amino acid sequence, we made a chimera from four of the cDNA clones obtained above. This consensus chimera, pCV-H77C, was constructed in two ligation steps by using standard molecular procedures and convenient cleavage sites and involved first a two-piece ligation and then a three-piece ligation. Large-scale preparation of pCV-H77C was performed as described above.
In Vitro Transcription. Plasmids containing the full-length HCV cDNA were linearized with XbaI (Promega) and purified by phenol͞chloroform extraction and ethanol precipitation. A 100-l reaction mixture containing 10 g of linearized plasmid DNA, 1ϫ transcription buffer, 1 mM ATP, CTP, GTP, and UTP, 10 mM DTT, 4% (vol͞vol) RNasin (20-40 units͞l) , and 2 l of T7 RNA polymerase (Promega) was incubated at 37°C for 2 hr. Five microliters of the reaction mixture was analyzed by agarose gel electrophoresis followed by ethidium bromide staining. The transcription reaction mixture was diluted with 400 l of ice-cold PBS without calcium or magnesium, immediately frozen on dry ice and stored at Ϫ80°C. The final nucleic acid mixture was injected into chimpanzees within 24 hr. Intrahepatic Transfection of Chimpanzees. Laparotomy was performed, and aliquots from two transcription reactions were injected into six sites of the exposed liver (30) . Serum samples were collected weekly from chimpanzees and monitored for liver enzyme levels and anti-HCV antibodies. Weekly samples of 100 l of serum were tested for HCV RNA in a highly sensitive nested RT-PCR assay with AmpliTaq Gold (Perkin-Elmer) (29, 31) . The genome titer of HCV was estimated by testing 10-fold serial dilutions of the extracted RNA in the RT-PCR assay (29) . The two chimpanzees used in this study were maintained under conditions that met all requirements for their use in an approved facility.
The consensus sequence of the complete ORF from HCV genomes recovered at week 2 postinoculation (p.i.) was determined by direct sequencing of PCR products obtained in long RT-PCR with primers A1 and H9417R followed by nested PCR of 10 overlapping fragments. The consensus sequence of the variable region of the 3Ј UTR was determined by direct sequencing of an amplicon obtained in nested RT-PCR as described above. Finally, we amplified selected regions independently by nested RT-PCR with AmpliTaq Gold.
Sequence Analysis. Both strands of DNA from PCR products, as well as plasmids, were sequenced with the Applied Biosystems PRISM Dye Termination Cycle Sequencing Ready Reaction Kit using AmpliTaq DNA polymerase (Perkin-Elmer) and about 100 specific sense and antisense sequence primers.
We determined the consensus sequence of HCV strain H77 in two different ways. In one approach we directly sequenced overlapping PCR products amplified in nested RT-PCR from the H77 plasma sample. The sequence analyzed (nucleotides 35-9,417) included the entire genome except the very 5Ј and 3Ј termini. In the second approach, the consensus sequence of nucleotides 157-9,384 was deduced from the sequences of 18 full-length cDNA clones.
RESULTS
Variability in the Sequence of the 3 UTR of HCV Strain H77. The heterogeneity of the 3Ј UTR was analyzed by cloning and sequencing of DNA amplicons obtained in nested RT-PCR. We analyzed 19 clones, which included sequences of the entire variable region, the poly U-UC region, and the adjacent 19 nt of the conserved region, and 65 clones containing sequences of the entire poly U-UC region and the first 63 nts of the conserved region. We confirmed that the variable region consisted of 43 nts, including two conserved termination codons (32) . The sequence of the variable region was highly conserved within H77 because only three point mutations were found among the 19 clones analyzed. A poly U-UC region was present in all 84 clones analyzed. However, its length varied from 71-141 nts. The length of the poly U region was 9-103 nts, and that of the poly UC region was 35-85 nts. The number of C residues increased toward the 3Ј end of the poly UC region but the sequence of this region was not conserved. The first 63 nts of the conserved region were highly conserved among the clones analyzed, with a total of only 14 point mutations. To confirm the validity of the analysis, we reamplified the 3Ј UTR directly from a full-length cDNA clone of HCV (see below) by the nested-PCR procedure with the primers in the variable region and at the very 3Ј end of the HCV genome and cloned the PCR product. Eight clones had 1-7 nt deletions in the poly U region. Furthermore, although the C residues of the poly UC region were maintained, the spacing of these varied because of 1-2 nt deletions of U residues. These deletions must be artifacts introduced by PCR, and such mistakes may have contributed to the heterogeneity originally observed in this region. However, the conserved region of the 3Ј UTR was amplified correctly, suggesting that the deletions were due to difficulties in transcribing a highly repetitive sequence.
One of the 3Ј UTR clones was selected for engineering of full-length cDNA clones of H77. This clone had the consensus variable sequence except for a single point mutation introduced to create an AflII cleavage site, a poly U-UC stretch of 81 nts with the most commonly observed UC pattern and the consensus sequence of the complete conserved region of 101 nt, including the distal 38 nt that originated from the antisense primer used in the amplification. After linearization with XbaI, the DNA template of this clone had the authentic 3Ј end. FIG. 1 . Strategy for the construction of full-length cDNA clones of HCV strain H77. The long PCR products amplified with H1 and H9417R primers were cloned directly into pGEM-9zf(Ϫ) after digestion with NotI and XbaI (pH21I and pH50I). Next, the 3Ј UTR was cloned into both pH21I and pH50I after digestion with AflII and XbaI (pH21 and pH50). pH21 was tested for infectivity in a chimpanzee. To improve the efficiency of cloning, we constructed a cassette vector with consensus 5Ј and 3Ј termini of H77. This cassette vector (pCV) was obtained by cutting out the BamHI fragment (nucleotides 1,358-7,530 of the H77 genome) from pH50, followed by religation. Finally, the long PCR products of H77 amplified with primers H1 and H9417R (H product) or primers A1 and H9417R (A product) were cloned into pCV after digestion with AgeI and AflII or with PinAI and BfrI. The latter procedure yielded multiple complete cDNA clones of strain H77 of HCV. The Entire ORF of H77 Amplified in One Round of Long RT-PCR. We previously demonstrated that a 9.25-kb fragment of the HCV genome from the 5Ј UTR to the 3Ј end of NS5B could be amplified from 10 4 GE of H77 by a single round of long RT-PCR (25) . In the current study, by optimizing primers and cycling conditions, we were able to amplify the entire ORF of H77 in a single round of long RT-PCR with primers from the 5Ј UTR and the variable region of the 3Ј UTR. In fact, we could amplify 9.4 kb of the H77 genome (H product: from the very 5Ј end to the variable region of the 3Ј UTR) from 10 5 GE or 9.3 kb (A product: from within the 5Ј UTR to the variable region of the 3Ј UTR) from 10 4 GE or 10 5 GE, in a single round of long RT-PCR (Fig.  2) . The PCR products amplified from 10 5 GE of H77 were used for engineering full-length cDNA clones (see below).
Construction of Multiple Full-Length cDNA Clones of H77 in a Single
Step by Cloning of Long RT-PCR Amplicons Directly into a Cassette Vector with Fixed 5 and 3 Termini. We first attempted direct cloning of the long PCR products (H), which contained a 5Ј T7 promotor, the authentic 5Ј end, the entire ORF of H77 and a short region of the 3Ј UTR, into pGEM-9zf(Ϫ) vector by NotI and XbaI digestion. However, among the 70 clones examined all but two had inserts that were shorter than predicted. Sequence analysis identified a second NotI site in the majority of clones, which resulted in deletion of the nucleotides past position 9,221. Only two clones (pH21 I and pH50 I ) were missing the second NotI site and had the expected 5Ј and 3Ј sequences of the PCR product. Therefore, full-length cDNA clones (pH21 and pH50) were constructed by inserting the chosen 3Ј UTR into pH21 I and pH50 I , respectively. Sequence analysis revealed that clone pH21 had a complete full-length sequence of H77; this clone was tested for infectivity. The second clone, pH50, had 1 nt deletion in the ORF at position 6,365; this clone was used to make a cassette vector.
Because we could not amplify the entire genome in one step but we could amplify the complete ORF, we constructed a cassette vector with fixed 5Ј and 3Ј termini as an intermediate of full-length cDNA clones. We constructed this vector (pCV) by digestion of clone pH50 with BamHI, followed by religation. This shortened the plasmid so that it could be readily distinguished from plasmids containing the full-length insert. Attempts to clone long RT-PCR products (H) into pCV by AgeI and AflII yielded only 1 of 23 clones with an insert of the expected size. To increase the efficiency of cloning, we repeated the procedure but used PinAI and BfrI instead of the respective isoschizomers AgeI and AflII. By this protocol, 24 of 31 H clones and 30 of 35 A clones had the full-length cDNA of H77 as evaluated by restriction enzyme digestion. A total of 16 clones, selected at random, were each retransformed, and individual plasmids were purified and completely sequenced.
Two Full-Length cDNA Clones of H77 Were Not Infectious in a Chimpanzee. The infectivity of the two first complete full-length cDNA clones of H77 (pH21 and pCV-H11) we obtained were tested by the intrahepatic injection of a chimpanzee with RNA transcripts. The transcription mixture from each clone was injected into three sites of the exposed liver. However, we found no evidence for HCV replication in the chimpanzee. Weekly serum samples were negative for HCV RNA at weeks 1-17 p.i. in a highly sensitive nested RT-PCR assay. The cDNA template injected along with the RNA transcripts also was not detected in this assay. The chimpanzee remained negative for antibodies to HCV throughout followup. Thus, clones pH21 and pCV-H11 were not infectious.
Failure to Identify a Consensus Clone by Sequence Analysis of the ORF of 18 Full-Length cDNA Clones. We performed sequence analysis of 18 full-length clones. Clone pH21, which was not infectious (see above), had seven aa substitutions in the entire predicted polyprotein compared with the consensus sequence of H77 (Fig. 3) . The most notable mutation, at position 1,026, changed L to Q, which altered the cleavage site between NS2 and NS3 (33) . Clone pCV-H11, which also was not infectious (see above), had 21 aa substitutions in the predicted polyprotein compared with the consensus sequence of H77 (Fig. 3) . One aa mutation (position 564) eliminated a highly conserved C residue in the E2 protein (34) . These two mutations might conceivably account for the lack of infectivity of the two clones but any of the other mutations might have been responsible. Alternatively, the 5Ј and 3Ј termini might not have been viable.
The infectivity of the remaining 16 full-length clones was not tested. However, four clones had a single nucleotide deletion in the ORF of H77, which would result in a frame shift, and an additional clone had two nucleotide insertions in the ORF, which also would cause a frame shift. Finally, stop codons were identified in the ORF of two more clones. Thus, these seven clones were defective for polyprotein synthesis and clearly would not be infectious. This left us with nine potentially infectious clones. However, these clones had 6-28 aa mutations in the predicted polyprotein compared with the consensus sequence of H77. More importantly, each clone had aa mutations not observed in other isolates of HCV (10). Transcripts from a cDNA clone Representing the Consensus Sequence of HCV Strain H77 Are Infectious When Transfected into the Liver of a Chimpanzee. It is well established that RNA transcripts of cDNA clones encompassing the consensus sequences of flaviviruses or pestiviruses are infectious (14, 19) . Given the limited availability of chimpanzees, which currently represent the only reliable model for HCV propagation, we decided to test the infectivity of a consensus clone of H77. A consensus chimera was constructed from four of the full-length cDNA clones with just two ligation steps. The final construct, pCV-H77C, had 11 nucleotide differences from the consensus sequence of H77 in the ORF (Fig. 3) . However, 10 of these nucleotide differences represented silent mutations. The chimeric clone differed from the consensus sequence at only one amino acid (L instead of F at position 790). Among the 18 ORFs analyzed above, the F residue was found in 11 clones and the L residue in seven clones. However, the L residue was dominant in other isolates of genotype 1a, including a first passage of H77 in a chimpanzee (27) . Thus, we did not believe that this amino acid difference was critical for infectivity.
To test the infectivity of the consensus chimeric clone of H77 we performed intrahepatic transfection of a chimpanzee. The pCV-H77C clone was linearized with XbaI and transcribed in vitro by T7 RNA polymerase (Fig. 2) . The transcription mixture was next injected into six sites of the chimpanzee liver. We used exactly the same total amount of DNA template and transcription mixture as used in the unsuccessful transfection described above in which viral sequences were not detected at any time after injection. The chimpanzee became infected with HCV as measured by detection of 10 2 GE͞ml of viral genome at week 1 p.i. Furthermore, the HCV titer increased to 10 4 GE͞ml at week 2 p.i. and had reached 10 6 GE͞ml by week 8 p.i.
We analyzed the sequence of the HCV genomes from the serum sample collected at week 2 p.i. The consensus sequence of nucleotides 298-9,375 of the recovered genomes was determined by direct sequencing of PCR products obtained in long RT-PCR followed by nested PCR of 10 overlapping fragments. The identity to clone pCV-H77C sequence was 100%. The consensus sequence of nucleotides 96-291, 1,328-1,848, 3,585-4,106, 4,763-5,113, and 9,322-9,445 was determined from PCR products obtained in different nested RT-PCR assays. The identity of these sequences with pCV-H77C was also 100%. These latter regions contained four mutations unique to the consensus chimera, including the artificial AflII cleavage site in the 3Ј UTR. Therefore, RNA transcripts of this clone of HCV were infectious.
DISCUSSION
In the present study, we have constructed an infectious clone of strain H77 of HCV. This clone represents the consensus sequence of H77 and contains a 5Ј UTR of 341 nt, an ORF of 9,033 nt, and a 3Ј UTR of 225 nt (a variable region of 43 nt with a single point mutation, poly U-UC region of 81 nt, and a conserved region of 101 nt). Two other full-length cDNA clones of H77 with the same termini were not infectious, most likely due to one or more of the amino acid mutations found in the predicted polyprotein.
Due to the lack of reliable in vitro propagation systems of HCV we could not perform screening for infectivity in cell cultures. We previously established an in vivo transfection system for RNA transcripts of infectious clones of hepatitis A virus in tamarins (30) , as well as in chimpanzees. Therefore, the infectivity of RNA transcripts of full-length HCV clones was tested by injecting transcription mixtures into the liver of chimpanzees.
We demonstrated that RNA transcripts of the consensus chimera of H77 were infectious in vivo and that the titer of genomic sequences recovered from the serum of the chimpanzee increased over time. Sequence analysis demonstrated that the recombinant virus recovered from the chimpanzee after the increase in viral titer had a sequence identical to that of the chimeric clone, including several unique mutations. It is possible that the cDNA injected with the transcribed RNA was itself infectious. However, we previously demonstrated that the cDNA clone of hepatitis A virus, inserted into a similar vector also lacking eukaryotic promoters, was not infectious when injected into the liver of tamarins (30) .
The viremic pattern observed in the early phase of the infection with the recombinant virus was similar to that observed in chimpanzees inoculated intravenously with strain H77 or other strains of HCV (ref. 12; J.B., unpublished data). Viral hepatitis normally develops after week 8 p.i. However, biological variation exists, and some chimpanzees develop only minimal evidence of hepatitis. Thus, a careful study of the phenotype of the infectious clone of HCV would require transfection of several chimpanzees.
Reports of infectious transcripts of full-length cDNAs have been published for several members of the genus Flavivirus (14-18) and more recently for members of the genus Pestivirus (19) (20) (21) (22) (23) . Most of these infectious cDNA clones were constructed by screening of cDNA libraries followed by the assembly of clones representing the consensus sequence. These common procedures are complicated and time-consuming, particularly in the case of HCV, which exists as heterogeneous quasispecies. We previously showed that full-length infectious cDNA clones of hepatitis A virus could be engineered in one step by cloning of long RT-PCR amplicons (35) . We had to modify this approach for HCV, because we were not able to amplify the entire genome by long RT-PCR, probably because of the strong predicted secondary structure, as well as the presence of a long poly U-UC region, in the 3Ј UTR. Instead we used a cassette vector with fixed termini of the HCV genome and cloned the entire ORF, amplified in long RT-PCR, directly into this vector. Thus, with this strategy we were able to construct full-length HCV clones in two steps.
One conclusion of our study is that a high proportion of HCV genomes probably are defective. We found that two of the complete full-length clones constructed were not infectious. Sequence analysis revealed that 7 of 16 additional clones were defective for polyprotein synthesis, and all clones had multiple amino acid mutations compared with the consensus sequence of the parent strain. We cannot rule out that some of these mutations were introduced in the RT-PCR and cloning procedures. However, the infectivity titer of H77 is 1-2 log 10 lower than the genome titer suggesting that less than 10% of the genomes are infectious (refs. 11 and 29; R.H.P., unpublished data). Moormann et al. (19) reported that five aa changes (compared with the consensus sequence) in the polyprotein accounted for noninfectivity of classical swine fever virus. Furthermore, at a recent meeting † it was reported by C. M. Rice and A. A. Kolykhalov that, of numerous clones of H77 they tested, only those engineered to contain the consensus sequence were infectious. Although nine of our clones potentially could be infectious they all had six or more mutations compared with the consensus sequence of strain H77. Because of the limited availability of chimpanzees, we constructed a consensus chimeric clone of strain H77. By using four of the full-length clones we constructed this clone in just two steps.
The infectious nature of the consensus chimera indicated that the regions of the 5Ј and 3Ј UTRs incorporated into the cassette vector did not destroy viability and suggested that it indeed was one or more of the coding mutations in each of the original two constructs that were lethal. Therefore, it should be possible to use the cassette vector to construct infectious cDNA clones of other HCV strains but it probably will be necessary to insert the consensus sequence for each ORF tested.
The infectious clone of HCV generated in the present study contained the 5Ј and 3Ј termini previously published by others (7, 36) . Because the core sequence of the T7 promotor was posi- † Fourth International Meeting on Hepatitis C Virus and Related Viruses, March 6-10, 1997, Kyoto, Japan. (1997) tioned immediately before the authentic G of the 5Ј UTR sequence, the RNA transcripts should include the exact 5Ј end of HCV. Furthermore, after plasmid linearization with XbaI, the template DNA and therefore the RNA transcripts should end exactly at the 3Ј end. The 5Ј UTR of HCV previously has been found to contain an internal ribosomal entry site (4). We found that uncapped RNA was infectious, indicating that capindependent translation initiation is used by HCV for gene expression. Thus, the internal ribosomal entry site must be functional in vivo. It is unclear which elements of the 3Ј UTR are required for infectivity of HCV. We found that the variable region was highly conserved in H77. However, the point mutation introduced in this region for cloning purposes was tolerated in the infectious clone. The length and sequence of the poly U-UC region varied greatly in H77. Our infectious clone of H77 contained a poly U-UC of intermediate length. Finally, we found that the conserved region of the 3Ј UTR was highly conserved, and our infectious clone contained the consensus sequence (101 nts) of this region (7) . In one previous study it was reported that the RNA transcripts from a cDNA clone of HCV-1, the prototype of genotype 1a, resulted in a low level of replication after transfection into a human hepatoma cell line (37) . This cDNA clone did not contain the conserved region of the 3Ј UTR. Furthermore, the infectivity of this clone was not tested in vivo.
Recently, it was reported that deletions in the variable region of the 3Ј UTR of Dengue virus and Kunjin virus did not render these viruses noninfectious (38, 39) . However, the conserved core sequences of the 3Ј UTR were critical for viral replication. Further studies, which are now possible, are needed to determine which regions of the 3Ј UTR are essential for HCV replication. Instability of plasmids containing the full-length cDNA constructs of flaviviruses or pestiviruses created major obstacles to the construction of infectious clones for these viruses (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . We used the high copy vector pGEM-9zf(Ϫ) and DH5␣ cells to prepare full-or near full-length cDNA clones of HCV. We found that transformants produced a very low yield of plasmid DNA when cultured at 37°C or for more than 24 hr. However, we could obtain a good yield of plasmids when cultures were incubated at 30°C for 18-20 hr. Furthermore, the sequence of the chimeric clone of H77, after retransformation and large-scale preparation, was identical to the sequence of the inserts from the four clones used in the construction. These results indicate that our infectious clone was stable in DH5␣ cells.
The quasispecies nature of HCV is believed to be important for viral persistence (10) . The successful infection of a chimpanzee with a single clone of HCV provides us with a unique opportunity to study the quasispecies nature of this virus and its evolution in vivo, as well as its importance for viral persistence.
In conclusion, we have constructed a genetically stable infectious clone of HCV. The approach used to engineer this clone should be applicable to construction of full-length infectious cDNAs of other HCV strains (10), as well as of a number of recently discovered related viruses (see ref. 40 ). Furthermore, this infectious clone might be helpful in developing effective in vitro propagation systems. Finally, the availability of an infectious clone of HCV makes it possible to study in detail the mechanisms of viral replication and pathogenesis.
